ABSTRACT For many years, lipid droplets (LDs) were considered to be an inert store of lipids. However, recent data showed that LDs are dynamic organelles playing an important role in storage and mobilization of neutral lipids. In this paper, we report the characterization of LOA1 (alias VPS66, alias YPR139c), a yeast member of the glycerolipid acyltransferase family. LOA1 mutants show abnormalities in LD morphology. As previously reported, cells lacking LOA1 contain more LDs. Conversely, we showed that overexpression results in fewer LDs. We then compared the lipidome of loa1Δ mutant and wild-type strains. Steady-state metabolic labeling of loa1Δ revealed a significant reduction in triacylglycerol content, while phospholipid (PL) composition remained unchanged. Interestingly, lipidomic analysis indicates that both PLs and glycerolipids are qualitatively affected by the mutation, suggesting that Loa1p is a lysophosphatidic acid acyltransferase (LPA AT) with a preference for oleoyl-CoA. This hypothesis was tested by in vitro assays using both membranes of Escherichia coli cells expressing LOA1 and purified proteins as enzyme sources. Our results from purification of subcellular compartments and proteomic studies show that Loa1p is associated with LD and active in this compartment. Loa1p is therefore a novel LPA AT and plays a role in LD formation.
INTRODUCTION
In mammals, lipid metabolism disorders have been implicated in several diseases. For instance, unlike adipocytes, nonadipose tissues have a limited capacity for storing excess fatty acids as neutral lipids. In obese patients, accumulation of excess lipid in these tissues as triacylglycerol (TAG) is associated with a number of medical complications, including type 2 diabetes, hypertension, and heart failure (Kopelman, 2000; Listenberger et al., 2003) . A severe lipid storage disease, congenital generalized lipodystrophy 1 (CGL1), is characterized by an almost complete lack of adipose tissue and the development of insulin resistance (Garg and Agarwal, 2009 ). The CGL1 gene encodes a lysophosphatidic acid acyltransferase (LPA AT) that catalyzes the formation of phosphatidic acid (PA), a key intermediate in the biosynthesis of both phospholipids (PLs) and neutral glycerolipids. The sharp decrease in TAG accumulation observed in the CGL1 mutant indicates a link between PL synthesis and the control of adipogenesis. In all eukaryotic cells, due to their
RESULTS

VPS66/LOA1 belongs to the glycerolipid acyltransferase family
The gene previously named VPS66, alias YPR139c, was renamed LOA1 (lysophosphatidic acid: oleoyl-CoA acyltransferase 1) in the present study. The open reading frame (ORF) of Vps66p predicts a 300-amino acid protein of ∼33.8 kDa containing one or two transmembrane domains according to prediction programs. Specifically, five prediction models (TMHMM, TMPred, TopPred2, HM-MTOP 2.0, and SOSUI) were used. The results show that four models out of five indicated that Loa1p contains two transmembrane helices (unpublished data). Only TMHMM predicted one transmembrane domain. In addition, according to all the prediction domain softwares, both the N-terminus and the C-terminus are cytosolic. The protein sequence bears motifs I and III, which are characteristic of plsC-domain-containing proteins and important for acyltransferase catalytic activity (Lewin et al., 1999) . Supplemental Figure S1 shows a partial sequence of its amino acid sequence aligned with glycerolipid acyltransferases from Escherichia coli (plsC) and S. cerevisiae (Slc1p, Taz1p, Psi1p) . Sequence analysis of Loa1p failed to predict a subcellular localization. The growth characteristic of the deletion mutant was determined in yeast-peptone-dextrose (YPD) and yeast-peptone-lactate (YPL) media and compared with that of the wild type. The mutant strain had a growth delay compared with the wild type. A generation time of 115 and 250 min for the mutant strain was found on YPD and YPL, respectively, as compared with 90 and 200 min for the wild type.
loa1Δ and overexpressed LOA1 strains display aberrant LD morphology
High-throughput screenings revealed that the absence of LOA1 results in abnormal LD morphology (Szymanski et al., 2007; Fei et al., 2008) . loa1Δ mutant cells accumulated on average more LDs than wild-type cells in similar growth conditions (Fei et al., 2008) . As shown in Figure 1A , we confirmed these observations. Cells were grown to stationary phase in YPD media; stained with Nile red, a lipophilic dye that specifically stains LDs; and monitored by fluorescence microscopy. The deletion strain loa1Δ displays an increase in the LD number (LDs per cell: 2.24 ± 0.11 in wild type vs. 5.21 ± 0.17 in loa1Δ; n = 30 cells examined; p < 0.001) and a trend toward a smaller size. In addition, the deletion mutant strain exhibited an increase in cell size compared with the wild-type strain, as reported in Jorgensen et al. (2002) .
Next the wild-type strain was transformed with the yeast expression vector pYES2/CT-LOA1 or the empty vector in order to observe any changes in LD morphology. Cells were grown to stationary phase on synthetic defined media, stained with Nile red, and observed by fluorescence microscopy. The wild-type strain transformed with the empty vector displayed a slight LD accumulation ( Figure 1B) , with particles homogeneous in shape and size. These changes in morphology, which were observed when cells were grown in YPD or synthetic defined media, have been reported (Fei et al., 2008) . In contrast, cells overexpressing LOA1 displayed a decrease in the number of LDs ( Figure 1B ; LDs per cell: 4.85 ± 0.19 in BY4742, pYES2/CT vs. 2.49 ± 0.11 in BY4742, pYES2/ CT-LOA1; n = 30 cells examined, p < 0.001) and LDs seemed to be larger. This mutant overexpressing LOA1 completely reversed the phenotype observed with the deletion mutant strain loa1Δ with respect to size and number of LDs. In other words, these data clearly indicate that the function of Loa1p is essential for rescuing the morphology phenotype of the loa1Δ deletion mutant strain.
hydrophobicity, TAG and steryl esters (SEs) are organized in specialized structures forming the central core of cytosolic organelles, the lipid droplets (LDs). LDs are surrounded by a PL monolayer associated with a limited number of proteins (for reviews, see Murphy, 2001; Fujimoto et al., 2008; Olofsson et al., 2008) . Neutral lipid biosynthesis is believed to occur in endoplasmic reticulum (ER) microdomains, where enzymes for neutral lipid synthesis are present. In most cells, the biosynthetic pathway for TAG begins with acylation of the precursor glycerol-3-phosphate with two acyl chains, which lead to PA. PA is then dephosphorylated to form diacylglycerol (DAG), which is subsequently converted into TAG by a third acylation step. Newly synthesized TAG is thought to accumulate between the two leaflets of the PL bilayer before budding from the ER membrane (for review, see Martin and Parton, 2006 ; see also Pol et al., 2005) . For many years, LDs were considered to be inert storage for neutral lipids. However, recent data support the idea that LDs are highly dynamic organelles that play an important role in the biosynthesis and mobilization of neutral lipids. Under normal physiological conditions, cells are able to generate LDs in response to elevated fatty acid levels (Rosenberger et al., 2009) and to mobilize storage lipids during deprivation conditions, indicating a major role for LDs in maintaining lipid balance at the cellular level. Moreover, LDs participate in several cellular processes and interact with various other cellular compartments, including the ER and mitochondria (Goodman, 2008; Murphy et al., 2009; Stone et al., 2009; Jacquier et al., 2011) .
At the cellular level, defects in TAG biosynthesis are related to dysfunctions in LD biogenesis and maintenance (Oelkers et al., 2002; Sandager et al., 2002) . However, despite their central role in energy homeostasis, little is known about the cellular biology of LDs, such as the molecular mechanisms of their biogenesis, protein association, size and number control, or mobilization. In particular, the mechanisms that direct and control the flux of acyl chains either into membrane PLs or storage lipids remain largely unknown. Very recent findings indicate that the phosphorylation state of Pah1p, the yeast lipin that generates DAG, is a key regulatory mechanism for controlling PL and neutral glycerolipid homeostasis (Karanasios et al., 2010; Choi et al., 2011) . Since glycerolipids are synthesized via pathways that are largely conserved throughout the eukaryotes, Saccharomyces cerevisiae is a practical model organism for understanding the regulatory aspects of eukaryotic lipid homeostasis. Using an extensive genomic database search, a set of putative acyltransferases belonging to the glycerolipid acyltransferase family has been identified. Among these genes, SLC1 encodes the sole acyl-CoA-dependent LPA AT characterized to date in yeast (Nagiec et al., 1993) . TAZ1 and PSI1 were previously characterized by our group; TAZ1 encodes an acyl-CoAindependent lysophosphatidylcholine (LPC) acyltransferase involved in the remodeling of cardiolipin (Testet et al., 2005) and PSI1 is a lysophosphatidylinositol (LPI) acyltransferase that catalyzes the incorporation of stearate in the sn-1 position of neosynthesized phosphatidylinositol (PI; Le Guédard et al., 2009) . Recently, high-throughput screening studies identified yeast mutant strains responsible for abnormalities in the morphology of LD (Szymanski et al., 2007; Fei et al., 2008) . Among them, a mutant caused by the deletion of VPS66, alias YPR139c, was found to be affected in the number and size of LDs. The function of this gene is unknown. A phenotype in protein sorting to the vacuole was found to be associated with the deletion mutant (Bonangelino et al., 2002) . VPS66 presents the distinctive features of the glycerolipid acyltransferase family. In this paper, we show that this gene encodes a novel LPA AT partly associated with and involved in LD biogenesis. Loa1p might be an enzyme preferentially channeling oleic acid into the TAG biosynthetic pathway. associated with SE and monoacylglycerol (MAG) plus DAG plus ergosterol (ERG) was also observed. The decrease in TAG content was also confirmed by gas chromatography (GC). Neutral lipids were purified from cells harvested at OD 600 = 6 by HPTLC. The silica gel zone corresponding to the TAG was scraped from the plate and quantified by GC-flame ionization detector (GC-FID). In agreement with results obtained by acetate incorporation, the TAG content was strongly reduced in the mutant (0.89 ± 0.09 μg acyl chain/ absorbance unit in wild type vs. 0.61 ± 0.06 μg acyl chain/absorbance unit in loa1Δ mutant; n = 5). This decrease (∼31%) observed when cells reached the end of the exponential phase was intermediate between that observed by steady-state labeling during the exponential phase (∼20%) and the stationary phase (∼43% 9.51 ± 0.13 nmol in loa1Δ mutant; polar lipids: 7.29 ± 0.23 nmol in wild type vs. 8.52 ± 0.49 nmol in loa1Δ mutant). The quantification of the incorporation in the major lipid classes (Figure 2A) showed that the deletion of LOA1 led to a significant decrease in TAG incorporation (∼20%; 4.36 ± 0.32 nmol in wild type vs. 3.45 ± 0.08 nmol in loa1Δ mutant), accompanied by an increase in SE and PL. Because the main impact of the deletion was a decrease in TAG, we further examined the acetate incorporation of wild-type and deletion mutant cells during the stationary growth phase. During this phase, TAG synthesis predominated over PL synthesis. Wild-type cells and loa1Δ deletion mutant cells were grown on YPD medium until OD 600 ∼7-8 and labeled with [ 14 C]acetate for an additional 20 h. As can be seen from the inset ( Figure 2B ), quantification of total PL revealed a similar incorporation in both strains, whereas deletion of LOA1 resulted in a significant decrease in total neutral lipids compared with wild-type cells. The quantification of the major lipid classes is shown in Figure 2B . As observed in logarithmic growth phase labeling, the most striking change was that deletion of LOA1 resulted in a marked decrease (43%) in TAG labeling compared with the wild-type cells (7.84 ± 0.47 nmol label incorporated in wild-type cells vs. 4.45 ± 0.30 nmol in loa1Δ mutant). A slight decrease in label eter using negative electrospray ionization for PA, PI, PE, and PS classes and positive electrospray ionization for PC, DAG, and TAG classes. The PL molecular species were determined by fragmentation experiments (multi-stage; MS) under operator control, given the location of the two fatty acyl chains on the glycerol backbone. In the present study, the PL 16:0/18:1 annotation indicated that the palmitic acyl chain is located at the sn-1 position of the glycerol backbone, whereas the oleic acyl chain is at the sn-2 position. Figure 3A shows the composition of the PA molecular species analyzed from wild type, deletion mutant, and deletion mutant overexpressing LOA1 strains. We observed that the PA molecular composition of the wild-type strain was close to that described in Ejsing et al. (2009) , and in perfect agreement with the finding that in yeast, as in higher eukaryotes, unsaturated fatty acids are predominantly found at the sn-2 position (Wagner and Paltauf, 1994) . Interestingly, the comparative analysis of the molecular species showed that the percentage of the total oleic acid-containing PA molecular species was significantly reduced in the deletion mutant: PA 16:1/18:1, PA 18:1/18:1, the isobaric combination PA 16:0/18:1-18:0/16:1, and to a small extent PA 18:0/18:1. This decrease in 18:1-containing molecular species was principally compensated for by an increase in 16:0/16:1 and 16:1/16:1 molecular species. The reduction in 18:1-containing molecular species was also observed in the other PL classes (PC, PI, PS, and PE; Figures 3B and S2, A-C) and in glycerolipids. Figure 3C 21.53 ± 0.68% in the mutant). This decrease was compensated for by an increase in the percentage of 16:0 fatty acid (21.47 ± 0.31% compared with 32.97 ± 1.31%). Mitochondria from a mutant deleted for TAZ1 is devoid of acyl-CoA-independent LPC AT activity (Testet et al., 2005) . As LOA1 (alias YPR139c) is localized in the immediate vicinity of TAZ1 (alias YPR140W), which expresses an enzyme involved in lipid metabolism, we checked whether putative changes in the lipidome observed in the loa1Δ mutant strain were due to a defect in the TAZ1 gene. We observed that the rate of phosphatidylcholine (PC) synthesis from labeled LPC in the absence of acyl-CoA was the same as that in mitochondria purified from loa1Δ mutant and wild-type cells, indicating that LOA1-deficient cells encode an active Taz1p (unpublished data).
Lipid profile of loa1Δ shows a specific defect in molecular species containing oleic acid Tandem mass spectrometry enables lipid molecular species profiling (Brügger et al., 1997; Ejsing et al., 2009) . In this study, a shotgun lipidomic approach was used to compare the lipidome of the deletion mutant strain loa1Δ with the lipidome of the wild-type strain, in order to detect specific perturbations and provide insight into the molecular function of the encoded protein. Lipid species were extracted and profiled as described previously (Ejsing et al., 2009) . Lipid profiles were obtained with an LTQ-Orbitrap mass spectrom-FIGURE 3: Lipid profiling of WT, loa1Δ deletion, and loa1Δ deletion overexpressing LOA1 strains. Cells were grown on synthetic defined media in the presence of 2% galactose and harvested at the early logarithmic phase. Lipids were extracted from yeast cells according to Ejsing et al. (2009) . Species were profiled on a LTQ-Orbitrap mass spectrometer in negative mode: (A) PA; or in positive mode: (B) PC, (C) DAG, and (D) TAG. Lipid classes were identified and quantified by the software LipidXplorer (Herzog et al., 2011) . Lipid molecular species were determined manually by fragmentation experiments. The abundance of lipid species is depicted in mol%. Error bars indicate ± SD (n = 3 independent analyses).
lowing studies of acyltransferase assays as a function of time, a direct precursor-product relationship between PA and PE seemed to occur ( Figure S4) ; and 3) this activity was absent in assays performed with partially purified Loa1p from yeast (see below). Overall, the synthesis of labeled PE suggests a transacylation reaction between the sn-2 position of neosynthesized PA and the sn-1 position of sn-2 acyl-LPE (Homma and Nojima, 1982; Harvat et al., 2005) . This indicates that we should add the amounts of labeled PE and PA to determine the LPA AT activity.
Next, using these E. coli membrane preparations, we measured the lysolipid acyltransferase activity of Loa1p by using [
14 C] oleyl-CoA as an acyl donor and various lysolipids as acyl acceptors. Figure 5 clearly shows that no detectable activity was found shows that the molecular species DAG 16:1/18:1, DAG 18:0/18:1, and DAG 18:1/18:1, as well as the isobaric combination DAG 16:0/18:1-18:0/16:1, were significantly reduced in the mutant. The comparative TAG profiling shown in Figure 3D indicates a decrease in the 50:3, 52:3, 54:2, and 54:3 TAG species. Each TAG species decreasing in the mutant represents a combination of isobaric molecular species with theoretically at least one molecular species containing an oleic acyl chain, whatever its position on the glycerol backbone. This observation was confirmed by a neutral loss (NL) experiment based on the NL of oleic acid with NH 4+ in positive ion mode (NL 299; Figure S3 ). This decrease in 18:1-containing TAG species was in agreement with the TAG analysis performed by GC. To verify that the absence of the gene was the basis for the observed phenotype, we profiled the deletion mutant overexpressing LOA1. As shown in Figures 3 and S2 , the lipid phenotype associated with the deletion mutant was fully reverted to the wild-type lipidome, demonstrating that the low-oleic-content phenotype detected in the deletion strain was strictly linked to the absence of the gene.
Overall, the lipidome of the deletion mutant showed a specific change in PL and glycerolipid molecular composition, confirming the involvement of Loa1p in lipid metabolism. These results suggested that this protein could be an acyltransferase responsible, at least in part, for the presence of oleic acid in PLs and glycerolipids. An easy way to explain this specific enrichment in lipid classes is to hypothesize that Loa1p is involved in the initial step in lipid biosynthesis, namely de novo PA synthesis, because PA is a key intermediate that serves as a general precursor for all PLs and glycerolipids, including DAG and TAG. In addition, the lipidomic approach used in this study revealed a defect in the incorporation of oleic acid at the sn-2 position of the PL glycerol backbones in mutant cells, suggesting that Loa1p is more likely an LPA AT than a glycerol-3-phosphate acyltransferase. To summarize, all these results (obtained by an in vivo approach at the molecular species level) clearly suggest that Loa1p is an acyltransferase involved in the acylation of LPA in the sn-2 position and that Loa1p has a substrate preference for oleic acid. Moreover, if these results are linked with those obtained in the acetate-labeling experiments, the qualitative results indicate that the defect in the incorporation of oleic acid in the deletion mutant was found in all polar and neutral glycerolipid classes, but the quantitative results show that only the TAG content was significantly reduced in the mutant, while the content of each class of PLs remained constant.
Loa1p displays an acyl-CoA:LPA AT activity To determine whether Loa1p has an LPA AT activity, LOA1 was expressed in C41(DE3) E. coli strain. After induction with isopropylthio-β-galactoside, membranes were prepared and applied to LPA AT activity by using [ Figure 4 shows the synthesis of PA associated with membranes of bacteria transformed with the empty vector (synthesis of 10.6 ± 2.2 pmol of PA in our experimental conditions), corresponding to the endogenous LPA AT activity encoded by the E. coli plsC gene (Coleman, 1992) . The LPA AT activity was doubled with the membranes of bacteria expressing LOA1 (synthesis of 22.7 ± 3.7 pmol of PA). These results suggest that Loa1p has an acyl-CoA-dependent LPA AT activity. In both conditions (empty vector and LOA1 expressed in E. coli), we observed the presence of labeled free fatty acid and PE in assays. The former activity suggests the presence of endogenous activities as acyl-CoA thioesterase. The latter activity may be due to an endogenous acyltransferase, because 1) PE was formed in E. coli membranes expressing or not expressing Loa1p ( Figure 4) ; 2) fol- oleoyl-CoA, 1 nmol 16:0 LPA, and 10 μg membrane-bound proteins as described in Materials and Methods. After a 5-min incubation, lipids were extracted and analyzed by TLC using chloroform/methanol/1-propanol/methyl acetate/0.25% aqueous KCl (10:4:10:10:3.6) as solvent; this was followed by radioimaging. Results are from one experiment that is representative of three experiments performed with independent membrane preparations.
FIGURE 5: Loa1p exhibits a strict specificity for LPA. Lysophospholipid acyltransferase activities were analyzed using LPI, LPC, LPS, LPG, LPE, and LPA as acyl acceptors (1 nmol). A control without exogenous lysophospholipid (−) was included. Other conditions were as described in Figure 4 . Results are from one experiment representative of three experiments performed with independent membrane preparations.
The results obtained with an enzymatic assay by ectopic expression of the gene in E. coli or by expressing a tagged fusion gene in S. cerevisiae confirm the hypothesis formulated at the end of the lipidomic approach. To sum up, the results obtained by both in vivo and in vitro approaches indicate that LOA1 encodes an acyl-CoA-dependent LPA AT.
Loa1p has a dual localization in LDs and ER
To gain further information on the role of LOA1, we determined its subcellular localization. A genomic-tagging construct expressed from its own promoter was engineered to append a hemagglutinin (HA) epitope to the C-terminus of Loa1p. Cells were grown in YPD media until exponential phase. In parallel, the genomic-tagging strain BY4742, ERG6-red fluorescent protein (RFP) was grown in the same conditions in order to serve as a control for LD isolation (Leber et al., 1998) . After cell lysis, cell fractionation was performed using a sucrose cushion (Beaudoin et al., 2000) . Protein fractions from the cell lysate and the top, middle, and bottom of the gradient were separated on SDS-AGE gel and analyzed by immunoblotting using antibodies specific for compartment markers ( Figure 7) . All of the markers were detected in the lysate and the bottom fraction, whereas they were absent from the middle fraction. As expected, the LD marker Erg6p was the only one found associated with the top fraction, indicating that the latter contains LD but is also devoid of the other compartments, including vacuole, plasma membrane, ER, and the trans-Golgi network/ prevacuolar compartment. Therefore the presence of Loa1-HAp in this top fraction clearly indicated that this protein is associated with LD. Moreover, the presence of Erg6-RFPp in the bottom fraction could be attributed to an additional localization of this protein in a compartment forming the bottom fraction, which is consistent with the presence of this protein both in ER membranes and in LDs (Leber et al., 1998) or by the presence of LDs trapped with microsomal membranes. Since the abundance of the Erg6 protein in the top fraction was higher than that found in the bottom fraction with LPC, lysophosphatidic ethanolamine (LPE), lysophosphatidyl glycerol (LPG), and LPI as substrates, indicating that, as expected, Loa1p is strictly specific for LPA. As a control, in the presence of LPA as substrate, assays confirm that LPA AT activity was doubled when membranes of bacteria expressing LOA1 were used(consider the sum of PE + PA, see above). In addition, various supplementary enzymatic activities were tested, including glycerol-3-phosphate acyltransferase, MAG AT, DAG AT, PA phosphatase, lipase, and transacylase activities; no other activities were detected (unpublished data). To confirm these results, the purification of Loa1p was undertaken. The wild-type strain was transformed with the yeast expression vector pYES2/CT-LOA1 (or the empty vector as a control) to produce a C-terminal V5-His-tagged fusion protein and to purify the protein by affinity chromatography with anti-V5 agarose affinity gel antibody. Overexpression of Loa1p was confirmed by Western blot analysis using an antibody against the V5 epitope. Unfortunately, the elution by competition with V5 peptide was not successful; the protein of interest remained attached to the beads regardless of the elution conditions used. Despite this, we decided to perform the LPA AT assay with the ''anti-V5 beads'' in which the recombinant Loa1p was immobilized. Proteomic analysis was done with this fraction in order to ensure that no other lysolipid acyltransferase was present in the fraction. All contaminant proteins were identified and their functions were characterized according to the Saccharomyces Genome Database (SGD). No lysolipid acyltransferase other than Loa1p was detected (Slc1p, Taz1p, Yor175cp, and Psi1p were absent). Thus, if any acyltransferase activity were to be detected in the assay, it would come from the protein of interest, Loa1p. As shown in Figure 6 , several volumes of bead fractions were incubated in the presence of 16:0 LPA and [
14 C]oleoyl-CoA. PA synthesis increased proportionally with bead volume, indicating that Loa1p immobilized on the anti-V5 beads was able to form PA from LPA and oleoyl-CoA.
FIGURE 6: Enzymatic assay of recombinant protein Loa1-V5-6xHis immobilized onto anti-V5 agarose affinity gel antibody. The strain YSA01 (or YSA00 in control) was grown on synthetic defined media supplemented with galactose until the exponential phase. Purification of the recombinant protein was done with anti-V5 agarose affinity gel antibody. After incubation of the yeast lysate and the beads overnight at 4°C, the protein elution was performed with V5 peptide as indicated in Materials and Methods. LPA AT activities were determined using 0.5 nmol [ 14 C]oleoyl-CoA, 1 nmol 16:0 LPA, and several volumes of the fraction of interest. After a 10-min incubation, lipids were extracted and analyzed by TLC using the polar system; this was followed by radioimaging. Following urea pretreatment, ∼166 proteins were identified. Using a threshold of 0.07%, 92 putative LD proteins were retained, including 38 known to be associated with LDs. Only 31 of these 38 proteins were present in the previous list, and seven proteins were found not to be associated with LDs before urea treatment. As shown in Table 1 , Loa1p was still detected, as well as acyltransferases already identified in this organelle, including Gat1p, Dga1p, and Slc1p (Sorger and Daum, 2003) . By contrast, and as expected, the and more Loa1p was observed in the bottom fraction compared with the top fraction, we deduced that Loa1p is also localized in at least one compartment distinct from the LDs, forming the bottom fraction. To further investigate the subcellular localization of Loa1p, we designed a genomic-tagging LOA1-mCherry strain that was expressed from its endogenous promoter at the LOA1 locus and compared its distribution with that of Erg1-GFPp, a protein marker with a dual localization in the ER and in LDs (Leber et al., 1998) . The fatty acid content of the LOA1-mCherry strain was analyzed by GC and was compared with the fatty acid content of the wildtype and the loa1Δ deletion strains. The Loa1-mCherryp was able to restore the wild-type fatty acid composition, suggesting that the tagged protein is functional in vivo (unpublished data). Both Loa1-mCherryp and Erg1-GFPp showed a dynamic localization that changed according to the growth phase (Figure 8 ). In the early log phase, Loa1p exhibited a typical ER fluorescence pattern with enrichment in the perinuclear region and complete colocalization with Erg1-GFPp (Figure 8, top) . When cells were grown to stationary phase, both Loa1p and Erg1p were mainly associated with spherical structures, likely LDs, although ER staining was still visible (Figure 8 , bottom). To confirm that the spherical structures were LDs, fluorescence microscopy experiments were undertaken with cells expressing the genomic-tagging construct LOA1-DsRed1 from its own promoter. Cells harvested at the exponential phase were stained with BODIPY 493/503, a lipophilic dye specific for LDs (Guo et al., 2008) . Micrographs shown in Figure 9 confirm that Loa1p colocalized with LD markers.
In addition, highly purified LD fractions were prepared after three successive ultracentrifugation steps according to Connerth et al. (2009) , and proteomic analysis was performed on the enriched LD fractions, which were treated with 4.5 M urea or left untreated. Following both of these treatments and further proteomic studies, results were analyzed by using a threshold corresponding to the lower value of the relative abundances of proteins previously shown to be present in LDs. The raw data are presented in Supplemental Table  S1 . Without urea pretreatment of purified LD, ∼327 proteins were detected. Using a threshold of 0.03%, we identified 213 putative LD proteins, including 42 proteins associated with LDs in previous studies (Athenstaedt et al., 1999) and annotated in the SGD database as LD-associated proteins. As expected, Loa1p was detected (Table 1) , in accordance with a very recent LD proteomic analysis (Grillitsch et al., 2011) .
FIGURE 8: Loa1-mCherryp partitioned between ER and large spherical structures, likely LD. Cells expressing the LOA1-mCherry and ERG1-GFP fusion genes grown on YPD media until early log phase (top) or stationary phase (bottom) were examined under fluorescence microscopy as described in Materials and Methods. Merge indicates that fluorescence overlapped; DIC: differential interference contrast. Scale bars: 5 μm. The above experiments, obtained with a lipidomic approach, suggest that Loa1p has a substrate preference for oleoyl-CoA. To confirm this selectivity, we determined the LPA AT activities associated with purified LDs from the slc1Δ deletion mutant using labeled palmitoyl-CoA or oleoyl-CoA as acyl donors. As shown in Figure 11 , it appeared that the remaining LPA AT, that is, Loa1p, was able to incorporate oleoyl-CoA more efficiently than palmitoyl-CoA. Altogether, these in vitro assays clearly indicate that Loa1p is associated with LDs and confirm the preference for oleoyl-CoA.
DISCUSSION
LPA AT catalyzes the second step of de novo TAG and PL synthesis. The lipid biosynthetic pathways have been well conserved through evolution. To date, all of the known eukaryotic and prokaryotic LPA ATs are homologous to the E. coli plsC and belong to the glycerolipid acyltransferase family characterized by the presence of four conserved domains (Lewin et al., 1999) . In plants and mammals, the family comprises several isoforms, but the biological role of only a few isoforms has been characterized. In yeast, the sole LPA AT extensively studied is Slc1p, which has been described as the major LPA AT (Nagiec et al., 1993) . In vitro data suggest that purified Slc1p displays not only LPA AT activity but also incorporates other lysolipids, including lysophosphatidylserine (LPS) and LPI (Benghezal et al., 2007) . However, while cell-free lysates from slc1Δ overexpressing or not SLC1 incorporated low amounts of [ 14 C]acyl-CoA into lipids in the presence of various lysolipids (other than LPA), a high incorporation of label into PA was observed in the presence of LPA (Zou et al., 1997) . The authors suggest that SLC1 chiefly encodes a LPA AT. The deletion mutant slc1Δ is viable and exhibits significant residual activity, suggesting redundant LPA AT activities in yeast (Athenstaedt and Daum, 1997; Zou et al., 1997) . Other enzymes presenting an LPA AT activity were recently identified in yeast. Investigations with another acyltransferase family, the membrane-bound O-acyltransferase family, revealed that the ORF YOR175c encodes an acyl-CoA lysolipid acyltransferase. In vitro microsomal assays determined a broad specificity as acceptor, including LPE, LPC, LPG, LPI, LPS, and LPA (Benghezal et al., 2007; Jain et al., 2007; Riekhof et al., 2007; Tamaki et al., 2007) . Ghosh et al. (2008) reported that ICT1, a gene encoding for a soluble LPA AT, is expressed during organic solvent stress. More recently, Rajakumari and Daum (2010a) demonstrated that the yeast lipase Tgl5p, in addition to TAG hydrolysis, mediates the acyl-CoA-dependent acylation of LPA. These two enzymes, Ict1p and Tgl5p, share the HX4D acyltransferase motif. Interestingly, the Tgl4p lipase, reported by the same group to act also as an LPA AT, does not bear this motif (Rajakumari and Daum, 2010b) . Using an extensive genomic database search, we previously identified several putative acyltransferases belonging to the glycerolipid acyltransferase family. In the present study, we focused on LOA1, a yeast gene that could be involved in LD morphology (Szymanski et al., 2007; Fei et al., 2008) . The experimental approach chosen to characterize the enzymatic activity of the encoded protein included biochemicals and lipidomics based on mass spectrometry. Thus a global lipidomic approach to the loa1Δ deletion strain was very useful and determinant throughout, revealing that all the lipids (polar and neutral glycerolipids) containing oleic acid showed a significant other glycerolipid acyltransferases previously localized in the ER, Gat2p, Lro1p, and Psi1p (Natter et al., 2005; Le Guédard et al., 2009; Jacquier et al., 2011) were not found associated with purified LDs.
As LDs have a distinctive feature, a hydrophobic core of neutral lipids surrounded by a monolayer of PL with embedded proteins, the question arose whether Loa1p, which is present in both the ER and the LD, is active in the latter compartment. We determined the LPA AT activities associated with purified LDs from the wild-type strain and loa1Δ deletion mutant. Figure 10 shows that LDs from wild-type and mutant cells were able to incorporate labeled oleic acid into LPA. Consistent with the localization of this protein in LDs, the activities decreased when LDs were purified from the loa1Δ deletion mutant. According to the proteomic analyses, this residual activity might correspond to the Slc1p enzyme. Since this activity represents one-half of the wild type, this result further indicates that both Slc1p and Loa1p enzymes have a similar specific activity in this compartment (∼0.5 nmol/min per mg PA synthesized in our experimental conditions).
FIGURE 10: Purified LD catalyzed PA biosynthesis. Enzymatic activities were determined using 0.5 nmol [ 14 C]oleoyl-CoA, 1 nmol 16:0 LPA, and LD proteins purified from wild-type and loa1Δ deletion strains. After a 10-min incubation, lipids were extracted and analyzed by TLC using the polar system; this was followed by radioimaging. complementary approaches. Loa1p was localized to the ER and LDs when analyzed by subcellular fractionation, immunohistochemical analyses, and fluorescence microscopy. A proteomic approach on LDs associated with a biochemical activity assay confirmed the presence of Loa1p in this compartment (this study; Grillitsch et al., 2011) . Both Slc1p and Loa1p localize to the same compartments in the cell, the ER and LDs. Moreover, the slc1Δ and loa1Δ deletion strains are viable, with a quite normal growth rate, indicating that they are able to supply all of the essential cell functions. However, despite this apparent redundancy, an altered LD morphology in the loa1Δ deletion mutant, which was not described for the slc1Δ mutant, indicates that both these LPA ATs are not functionally exchangeable in all respects. Indeed, PA and subsequent lipids generated by Loa1p, characterized by a specific fatty acid composition at the sn-2 position of the glycerol backbone, probably assume specific functions. A genome-wide RNA interference screen in Drosophila identified genes encoding enzymes of PL biosynthesis determinant for LD size and number (Guo et al., 2008) , suggesting that the PL composition of the monolayer profoundly affects droplet morphology. For instance, Cct1 encoding a phosphocholine cytidylyltransferase, the enzyme that catalyzes the rate-limiting step in PC synthesis, localizes exclusively to the nucleus without treatment, whereas after treatment with oleate, that is, during LD formation, a significant portion of Cct1 localizes to the LD surface. This marked translocation of CCT enzyme to the vicinity of LD may provide building blocks for the PL monolayer of growing LD. Knockdown of Cct1 results in larger droplets, suggesting that PL monolayer supply is limiting compared with TAG biosynthesis during LD formation, and that the ratio of surface PL to core NL may regulate LD morphology. Similar interpretations could be drawn from our study. During the early logarithmic growth phase, Loa1p localizes exclusively to the ER, whereas in the stationary phase, that is, during LD formation, a major part of the Loa1p is associated with LDs. In loa1Δ deletion mutant cells, TAGs are limiting compared with PL monolayer supply and, in compensation, an increase in the number of smaller LDs leads to an increase in the ratio of PL monolayer to core neutral lipids. Conversely, in strains overexpressing LOA1, larger droplets allow a decrease in this ratio. In a very recent study, Fei et al. (2011) showed that an increase in the level of cellular PA is linked with fewer but bigger LDs, called ''supersized'' LDs. In perfect agreement, we show in this study that Loa1p is an LPA AT whose overexpression leads to an increase in PA level, and we observed a reduced number of cytoplasmic LDs and a trend to a larger diameter.
Oleic acid supplementation induces LD formation. In excess, or in cells defective for TAG biosynthesis, this fatty acid induces lipotoxicity, and it has been shown that TAG synthesis plays an important role in buffering excess toxic fatty acids (Petschnigg et al., 2009) . In addition, the loa1Δ mutant was identified in a large-scale study as highly sensitive to unsaturated treatment (Lockshon et al., 2007) . These findings strengthen the biological function proposed here, that is, Loa1p, which is recruited during LD formation, is an enzyme preferentially channeling oleic acid-containing PA species into the TAG biosynthetic pathway. LPI, LPC, LPS, LPG, and LPE were purchased from Sigma-Aldrich decrease compared with the wild-type strain. This finding suggests that Loa1p could be an acyltransferase involved in the de novo synthesis of PA, the precursor of all membrane glycerophospholipids and storage lipid TAG in yeast. To discriminate between possible glycerol-3-phosphate acyltransferase and LPA AT activities, the oleic acid location on the PL glycerol backbone was investigated using tandem mass spectrometry. Fragmentation pathway analysis of each PL class indicated that oleic acid is mainly linked to the sn-2 position, a location in perfect agreement with previous studies (Wagner and Paltauf, 1994; Schneiter et al., 1999) , thus evidencing an LPA AT activity. In total, this mass spectrometry approach suggests that Loa1p could be an LPA AT feeding both polar and neutral glycerides. Other experiments were then carried out to confirm this hypothesis. First, a significant increase in LPA AT activity associated with membrane extracts of E. coli expressing Loa1p was measured using [ 14 C]oleoyl-CoA and LPA as substrates. Second, this enzyme displayed specificity for LPA, because no other acyltransferase activities were observed when it was tested against either glycerol-3-phosphate, DAG, or a variety of lysolipids. Third, a purified recombinant Loa1p immobilized on agarose beads demonstrated LPA AT activity. Finally, deletion of LOA1 reduced the LD LPA AT activity in highly purified LDs (see below for localization). Taken together, the data obtained by in vivo and in vitro approaches demonstrates that Loa1p acts primarily as an LPA AT.
MATERIALS AND METHODS Materials
Loa1p contains the four motifs of the glycerolipid acyltransferase family, except for motif I (HX4D). The histidine residue, which is highly conserved throughout this family, is replaced by a cysteine residue. Despite this characteristic, the protein was found to be active. It turns out that both residues are well-known for expressing affinity to metal ligands, and could determine a potential metal-binding site required for structure stabilization and acyltransferase activity. A lipidomic approach provides direct insight into the specificity of an acyltransferase for biological substrates. For instance, in our previous study (Le Guédard et al., 2009) , the comparative lipidome analysis of psi1Δ and wild-type cells revealed highly specific changes in the molecular composition of PLs. Only the PI species containing stearic acid were dramatically decreased in yeast deleted for PSI1, indicating that Psi1p is responsible for the stearic acid-enrichment characteristic of PI in yeast. A similar approach was used to characterize the substrate preference for Slc1p. Disruption of the SLC1 gene led to moderate changes of the phospholipidome (Benghezal et al., 2007) , apart from a decrease in oleic acid-containing species for a few PLs and a reduction in minor short chain-containing PI species (Guan and Wenk, 2006; Shui et al., 2010) . In this paper, we show that the lipid phenotype observed in PA species for loa1Δ-a decreased content in molecular species containing oleic acid-was found in all polar and neutral lipids, suggesting that 1) oleoyl-CoA constitutes the preferential substrate for Loa1p (or the predominant substrate in the vicinity of Loa1p) and 2) PA generated by Loa1p is used in all lipid biosynthetic pathways. Biochemical assays, carried out with purified LDs from the slc1Δ deletion mutant, confirm the enzyme selectivity for oleoyl-CoA.
Establishing the precise subcellular localization of a protein represents a key step in the characterization of its function. According to the prediction tool used, one or two transmembrane domains are predicted for Loa1p. Moreover, an enzymatic assay performed on crude membrane extracts from E. coli expressing Loa1p revealed that the enzymatic activity is associated with membranes. However, large-scale analyses of protein localization based on the GFP fusion strategy localized Loa1p in the cytosol (Kumar et al., 2002) . Owing to the lack of clear-cut results, the localization was undertaken using 1 nmol 16:0 LPA, and 0.5 nmol [
14 C]oleoyl-CoA. After a 5-min incubation at 30°C, the reaction was stopped by adding 2 ml of chloroform/methanol (2:1, vol/vol) and 500 μl of water. The organic phase was isolated, and the aqueous phase was reextracted with 2 ml of chloroform. These combined lipid extracts were dried and redissolved in 50 μl of chloroform/methanol (2:1, vol/vol), and the lipids were separated by HPTLC, as described above. The radioactivity incorporated into PLs was analyzed using a STORM 860 PhosphorImager (GE Healthcare, Waukesha, WI) and quantified with ImageQuant TL software.
Purification
The yeast strains expressing the LOA1-V 5 -6xHis construct (YSA01) and the control (YSA00) were grown until exponential phase. Cells were then harvested, washed, and resuspended in phosphatebuffered saline (PBS)-NaCl buffer 0.3M supplemented with CHAPS 8 mM. Cells were disrupted by acid-washed beads (0.4-0.6 mm; Stratagene, Agilent, Santa Clara, CA) for 1 min (three times). After centrifugation, the soluble fraction of the lysate was recentrifuged 10 min at 4°C, 12,500 rpm. Two hundred microliters of suspension of the anti-V5 agarose conjugate (Sigma-Aldrich) was incubated with the clarified cell extract fraction overnight at 4°C. After incubation, the resin was washed several times with PBS buffer and incubated with 20 μg peptide V5 solution for 1 h. The fraction of interest was immediately used for acyltransferase assay. For Western blotting, the proteins were separated by SDS-AGE 12.5% and detected by Western blotting using anti-V5 mouse antibody (dilution 1:5000) and the goat anti-mouse immunoglobulin G linked to peroxidase. The immunoblots were photoactivated by a 40:1 mixture (reagents A and B) of ECL reagents plus (GE Healthcare). The membrane was covered with a transparent film and exposed to photographic AGFA Cronex 5 Medical X-Ray Film in a Kodak BioMax MS cassette.
Determination of steady-state neutral and polar lipid compositions by in vivo labeling
For logarithmic growth phase labeling, 5-ml samples of wild-type BY4742 strain and loa1Δ mutant cells grown at 30°C in YPD medium (0.5 OD 600 ) were labeled with [ 14 C]acetate (4 μCi/ml cell culture) for an additional 20 h for steady-state lipid labeling (about eight generations, according to Gaspar et al., 2006) . Then 1.5-ml samples (OD 600 9-10) were mixed with 100 μl of 100% acetic acid, cells were pelleted by centrifugation, and the supernatant was removed. To extract lipids from whole cells, 1 ml of chloroform/ methanol (2:1, vol/vol) was added, and cell suspensions were vigorously shaken with glass beads (six times for 30 s with intermittent cooling on ice). One milliliter chloroform/methanol (2:1, vol/vol) and 500 μl 1% perchloric acid were added, and the cell suspensions containing beads were vigorously shaken for 30 s. After centrifugation, the organic phase was isolated, and the aqueous phase was reextracted with 2 ml of chloroform. These combined lipid extracts were dried and redissolved in 100 μl of chloroform/ methanol (2:1, vol/vol), and the lipids were purified by TLC, using 20 cm × 20 cm TLC plates. PLs were separated using the solvent system chloroform/methanol/1-propanol/methyl acetate/0.25% aqueous KCl (10:4:10:10:3.6, vol/vol/vol/vol) until mid-height. The plates were then dried, and the neutral lipid classes were resolved using the second solvent system hexane/diethylether/acetic acid (90:15:2, vol/vol/vol). Lipid identity was based on the mobility of known standards, and the amounts of labeled lipids were analyzed by phosphorimaging. For stationary growth phase labeling, wildtype and loa1Δ mutant cells were grown on YPD medium until (St. Louis, MO). For lipid quantification, mass spectrometry lipid standards (PA 17:0/17:0; PC 18:3/18:3; PE 17:0/17:0; PG 17:0/17:0; PS 17:0/17:0; DAG 17:0/17:0; TAG 17:1/17:1/17:1) were purchased from Avanti Polar Lipids-LIPID MAPS, except for PI 17:0/17:0, which was given by C. Thiele (LIMES, Bonn, Germany).
Yeast strains and growth conditions
The yeast strains used in this study are listed in Table S2 . The strains used for lipid profiling were obtained from the EUROSCARF library. BY4742 is the wild-type strain; loa1Δ is the deletion mutant. In the rescue experiment, LOA1 gene was inserted into the pYES2 vector (Invitrogen, Carlsbad, CA) containing the GAL1-inducible promoter. The deletion strain loa1Δ was transformed with the plasmid construct (strain YSA04). For purification, proteomic experiments, and morphological studies, the ORF of LOA1 was inserted into the pYES2/CT vector (Invitrogen) containing the GAL1-inducible promoter. The plasmids constructed were transformed into BY4742 (strains YSA00 and YSA01). The cells were grown in a shaking incubator until early logarithmic phase at 30°C, in 250-ml Erlenmeyer flasks containing 50 ml of synthetic defined media composed of yeast nitrogen base without amino acids and with ammonium sulfate 0.67% (Difco, Detroit, MI), dropout mix minus uracil 0.2% (Sigma-Aldrich), KH 2 PO 4 0.1% supplemented with raffinose 1% as a carbon source, and galactose 2% for induction. The pH was set at 5.5. The strains carrying LOA1-HA (strain YMS01), LOA1-DsRed1 (strain YMS02), and ERG6-RFP (strain YMS03) by genomic tagging were constructed as described in Janke et al. (2004) The strain carrying LOA1-mCherry and ERG1-GFP-HisMx (strain SL52) was constructed as described in Longtine et al. (1998) . Cells were grown on YPD media (1% yeast extract, 1% peptone, 0.1% potassium phosphate, 0.12% ammonium sulfate, 2% glucose) as the carbon substrate. The pH was set at 5.5.
Lipidomic experiments
Yeast lipid extracts were prepared according to Ejsing et al. (2009) with slight modifications. Anionic glycerophospholipid species recovered in the 2:1 phase lipid extracts were detected by negative ion mode Fourier-transform mass spectrometry (FT MS) analysis by applying low m/z range scans (m/z 200-605) and high m/z range scans (m/z 505-1400) with target mass resolution of 100,000 (fullwidth at half-maximum [FWHM]) on a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Lafayette, CO) equipped with the robotic nanoflow ion source TriVersa NanoMate (Advion Biosciences, Indianapolis, IN; Ejsing et al., 2006 Ejsing et al., , 2009 . The 2:1 phase lipid extracts were infused using methylamine (0.2 mM final in methanol). TAG, DAG, PC, and PE species recovered in the 15:1 phase lipid extracts were monitored by positive ion mode FT MS analysis Schwudke et al., 2006 Schwudke et al., , 2007 applying looped low m/z range scans (m/z 260-530) and high m/z range scans (m/z 500-1050) with target mass resolution of 100,000 (FWHM). The 15:1 phase lipid extracts were infused using ammonium acetate (7.5 mM final). Detected lipid species were identified and quantified using LipidXplorer (Herzog et al., 2011) , as described in Graessler et al. (2009) . The structures of detected lipid precursors were verified manually by MS n analysis. For NL experiments on TAG species, the experiments were performed on the AB SCIEX QTRAP 5500 system in direct infusion at 10 μl/min (AB Sciex, Foster City, CA).
Acyltransferase activity assays
Cloning, ectopic expression of the ORF LOA1 in E. coli, and isolation of E. coli membranes were done according to Testet et al. (2005) . LPA AT reactions were conducted in 100 μl of assay mixtures (50 mM Tris-HCl, pH 8) containing 10 μg membrane proteins, were validated using the following criteria: DeltaCN ≥ 0.1, Xcorr ≥ 1.5 (single charge), 2.0 (double charge), 2.5 (triple charge), 3.0 (quadruple charge), and peptide probability ≤ 0.001. Proteins were validated as soon as two different peptides were validated.
